ABSTRACT Endothelial cell polarization and directional migration is required for angiogenesis. Polarization and motility requires not only local cytoskeletal remodeling but also the motion of intracellular organelles such as the nucleus. However, the physiological significance of nuclear positioning in the endothelial cell has remained largely unexplored. Here, we show that siRNA knockdown of nesprin-1, a protein present in the linker of nucleus to cytoskeleton complex, abolished the reorientation of endothelial cells in response to cyclic strain. Confocal imaging revealed that the nuclear height is substantially increased in nesprin-1 depleted cells, similar to myosin inhibited cells. Nesprin-1 depletion increased the number of focal adhesions and substrate traction while decreasing the speed of cell migration; however, there was no detectable change in nonmuscle myosin II activity in nesprin-1 deficient cells. Together, these results are consistent with a model in which the nucleus balances a portion of the actomyosin tension in the cell. In the absence of nesprin-1, actomyosin tension is balanced by the substrate, leading to abnormal adhesion, migration, and cyclic strain-induced reorientation.
INTRODUCTION
The formation of new blood capillaries, or angiogenesis, involves the polarization and directed migration of endothelial cells (1, 2) . Research on angiogenesis has primarily focused on biochemical pathways that participate in directed endothelial cell motility (3) . However, motility and polarization also require the coordinated motion of intracellular organelles. In particular, positioning of the nucleus is an important part of any dynamic changes in cell morphology (4) , given that it is the largest and stiffest organelle in the cell. Yet, the physiological significance of nuclear positioning in the endothelial cell has remained unexplored.
The nucleus is positioned through physical interactions with the actomyosin, microtubule and intermediate filament cytoskeleton (4) . This force transfer is hypothesized to be mediated by bonds between the cytoskeleton and proteins embedded in the nuclear envelope. Recent studies suggest that lamin (5-7), SUN proteins (4, (8) (9) (10) (11) , emerin (12) , and nesprins (11, (13) (14) (15) (16) are key components of the mechanical linkage between the nucleus and the cytoskeleton. There is increasing evidence that these linker of nucleus and cytoskeleton (LINC) complex proteins are required for normal cell function. Lamin A/C deficient mouse embryonic fibroblasts have reduced migration speeds and are unable to polarize in wound healing assays (7) . Lamin A/C deficient fibroblasts have altered mechanotransduction as measured by abnormal NF-kB-mediated, strain-induced transcription (6) . Interestingly, these cells also have a softer perinuclear cytoskeleton suggesting that lamin A/C is necessary for physically connecting F-actin to the nucleus (17, 18) . Similarly, emerindeficient fibroblasts have irregular nuclear shape and respond abnormally to mechanical forces (12) .
Nesprin-1 and nesprin-2 are nuclear membrane proteins that bind to F-actin (19) through the N-terminus and to transmembrane SUN proteins via the C-terminus (8) (9) (10) (11) 20) . These proteins are hypothesized to be part of the LINC complex (11, 16, 21) . Nesprin-1 mislocalization in HELA and Swiss 3T3 cells results in a softer cytoplasm (18) , possibly due to a decrease in F-actin linkage to the nucleus. Nesprin-1 is necessary for anchorage of muscle nuclei to the neuromuscular junction (22) , as well as for positioning of nonsynaptic and synaptic nuclei in skeletal muscle (16) . Disruption of nesprin-1 induces an Emery-Dreifuss dystrophy like phenotype in mice (23) and nesprin mutations are associated with the pathogenesis of Emery-Dreifuss dystrophy in humans (13) .
The function of nesprin-1 in endothelial cells has received little attention. We show that nesprin-1 knockdown in endothelial cells by siRNA transfection causes a lack of cell reorientation under cyclic strain, increased cell traction and focal adhesion assembly, and decreased cell migration. An increase in nuclear height is observed in nesprin-1 depletion cells similar to blebbistatin-treated, myosin II-inhibited cells. Our results suggest a model in which the nucleus balances a part of the actomyosin tension in the cell. In the absence of nesprin-1, actomyosin tension is balanced entirely by the substrate, causing increased cell traction, decreased migration, and altered nuclear height.
MATERIALS AND METHODS

Cell culture
Human umbilical vascular endothelial cells (HUVECs) were maintained in DMEM-high glucose (Cellgro, Manassas, VA) supplemented with 10% donor bovine serum (Cellgro) and maintained at 37 C in a humidified 5% CO 2 environment. HUVECs were tested for their endothelial function with an in vitro 3D angiogenesis assay and were found to form typical tube-like structures characteristic of endothelial cells (Fig. S1 in the Supporting Material). In wounding experiments, cells were seeded at 80% confluence on fibronectin-coated (5 mg/mL) glass bottom dishes (MatTek, Ashland, MA) cultured to confluence.
siRNA knock down of nesprin-1 Cells were transfected with 100 nM of SMARTpool siRNAs (Dharmacon, Lafayette, CO) against human nesprin-1 using siLentFect lipid transfection reagent (BioRad, Hercules, CA). The siRNA oligonucleotide target sequences used were as follows: GAAAUUGUCCCUAUUGAUU, GCAA AGCCCUGGAUGAUAG, GAAGAGACGUGGCGAUUGU and CCAAA CGGCUGGUGUGAUU. Nontargeting SMARTpool siRNAs served as controls.
Western blotting
Cells cultured in regular growth media were washed with cold phosphate buffered saline (PBS) and lysed with cell lysis buffer (Cell Signal, Boston, MA) for 10 min on ice. Cells were scraped, collected, and centrifuged at 10,000 rpm for 10 min at 4 C. The supernatant was collected and sodium dodecyl sulfate (SDS) sample buffer was added and stored at À20 C until use. The samples were separated on 10% SDS polyacrylamide gels and then transferred onto a PVDF membrane. The membranes were treated with anti-nesprin-1 mouse monoclonal antibody (Abcam, Cambridge, MA) at 1:200 dilutions in 5% milk overnight at 4 C. Phosphorylated myosin levels were measured by treating membranes with a phospho-myosin antibody (Cell Signal) which recognizes myosinlight chain 2 only when dually phosphorylated at Thr-18 and Ser-19. The membranes were then washed three times in Tris-buffered saline with 0.05% Tween 20 and treated with peroxidase conjugated secondary antibody at 1:10,000 in 5% milk in Tris-buffered saline with 0.05% Tween 20. Blots were developed using SuperSignal West Pico Chemiluminescent reagent (Pierce, Rockford, IL) and exposed to X-OMAT film (Kodak).
Immunostaining
Cells were fixed with 4% paraformaldehyde (Electron Microscopy Sciences, Fort Washington, PA) for 20 min, washed with PBS (Cellgro), and then permeabilized with 0.1% Triton X-100 in 1% bovine serum albumin solution. Cells were next incubated with nesprin-1 primary monoclonal mouse antibody (Abcam) or vinculin monoclonal mouse antibody (Sigma, St. Louis, MO) at a 1:100 dilution overnight at 4 C. Samples were washed and treated with goat-anti-mouse 488 nm fluorescent secondary antibody (Calbiochem, San Diego, CA) for 1 h at room temperature. For actin staining, cells were incubated with Alexa Fluor 594 phalloidin (Invitrogen, Carlsbad, CA) for 1 h. Nuclear staining was done using Hoechst33342 diluted at 1:100 for 30 min. The samples were imaged on a Leica SP5 confocal microscope equipped with a 63Â objective.
Application of mechanical strain and measurement of cell reorientation
Cells were cultured on fibronectin (5 mg/mL) coated 6-well Uniflex plates (Flexcell, Hillsborough, NC) and exposed to 10% uniaxial strain with a frequency of 0.5 Hz for 18 h using the Flexcell-4000 system (24) . Cells were then fixed and stained with phalloidin (Sigma) for imaging F-actin. Images of cells were acquired as described above and the cell angle relative to the strain direction was quantified using ImageJ software. Approximately 300 cells were evaluated for each condition corresponding to six fields; 50 cells from each field.
Cell motility assay
To assess cell motility, cells were cultured on fibronectin-treated glass bottom dishes for 6 h. The dishes were transferred onto the microscope stage and imaged with a 10Â phase contrast lens inside an environmental chamber maintained at 37 C and with 5% CO 2 . Images were taken every 10 min for 10 h and analyzed using a MATLAB program (The MathWorks, Natlick, MA) that tracked the position of the centroid of cells in (x,y) coordinates versus time. The mean-square displacement (MSD) was calculated from the data using nonoverlapping time intervals (25) . The speed of each cell was determined from the measured displacement of the centroid at 10 min. The persistence time of each cell was calculated by fitting the MSD to the persistent random walk model using nonlinear least-square regression as reported elsewhere (26) . A minimum of 17 cells were measured for each condition. Images taken 8 h after passage were also used to measure cell spreading area of cells transfected with control and nesprin-1 targeting siRNA. The area of at least 12 cells was measured for each condition using Nikon Elements software (Fig. S7 ).
Scratch-wound assay
Confluent cells were washed and serum starved for 24 h after which a wound was created by scraping across the surface of each monolayer using a 20-gauge needle. After wounding, the cells were washed with PBS and cultured in full growth medium. Images of the cells were taken simultaneously every 30 min for 18 h on a Nikon TE2000 microscope equipped with an environmental chamber. Nikon Elements software was used to measure the area of the wound at each time interval. Only wounds with original widths between 175 mm and 225 mm were measured. To measure cell polarization, cells were serum starved for 12 h, wounded, and treated with 2-mM lysophosphatidic acid for 4 h, fixed and stained with rabbit anti-g-tubulin antibody (Sigma) and mouse monoclonal a-tubulin antibody (Sigma). Cells with centrosomes located within 30 of a line perpendicular to the wound were considered polarized similar to the approach in (7) . Angles were measured with Nikon Elements software. At least 30 cells per condition were measured.
Traction force microscopy
Fibronectin coated polyacrylamide gels (Young's modulus of 45 kPa) for traction force microscopy were prepared on glass bottom dishes (MatTek) as described previously in Polte et al. (27) . Red fluorescent microspheres (0.5 mm diameter; Invitrogen) were suspended in the polyacrylamide gel before gel formation and used as fiduciary markers. Cells were plated at low concentrations (5% confluence) and incubated for 24 h at 37 C with 5% CO 2 in full growth media. Differential interference contrast and fluorescent images of isolated cells were then taken simultaneously before and after treatment with 5% SDS (Sigma) solution. Traction force analysis was carried out using the MATLAB software and methods described in Tolić-Nørrelykke et al. (28) . A minimum of eight cells were measured for each condition.
Confocal imaging to determine nuclear height
Cells were fixed with 4% paraformaldehyde and nuclei and the F-actin cytoskeleton stained as described above. The samples were imaged on a Leica SP5 confocal microscope equipped with a 63Â objective. Z-stacks were acquired and Leica application suite software used to measure the height of the nucleus. Each experiment was repeated 3 times (n > 15). Similar procedures were used for cells treated with blebbistatin (n > 15).
3D in vitro angiogenesis assay
A 1:20 dilution of HUVECs was taken from an 80% confluent 12-well dish and mixed with 300 mL of Matrigel using cold glass pipettes. The Matrigel solution was then placed on a glass bottom dish (MatTek) and kept in a 37 C Biophysical Journal 99(1) 115-123
incubator for 1 h. After 1 h, 2 mL of growth media was added. The growth media was changed every 2 days for 2 weeks. At the end of the experiments, the gel was imaged on a Nikon TE2000 microscope equipped with a 20Â lens to analyze tube formation.
Statistical analysis
All data are presented as mean 5 SE. All statistical comparisons were carried out with the Student's t-test. Statistical significance was assumed for p < 0.05.
RESULTS siRNA knock down of nesprin-1 in HUVECs
Nesprin-1 has been shown to localize to the nuclear envelope in fibroblasts, vascular smooth muscle cells, and cardiac muscle cells (11, 21, 29, 30) . Immunostaining with a specific antibody against nesprin-1 showed a similar localization to the nuclear envelope in HUVECs (Fig. 1 A) . Western blotting analysis ( Fig. 1 B) showed a major band at a molecular weight of~110 kDa, with additional bands at around 75 kDa and 40 kDa, consistent with previous studies (13, 21, 29) . Treatment with specific siRNA against nesprin-1 reduced significantly all bands in Western blots (Fig.1 , B and C). However, nesprin-1 knockdown did not alter the expression levels (Fig. S2 ) or the localization (Fig. S3 ) of a closely related member of the nesprin family, nesprin-2, confirming the specificity of nesprin-1 knockdown by the siRNA transfection. Cells transfected with nesprin-1 targeting and control siRNA were next immunostained for nesprin-1. Confocal fluorescent imaging ( Fig. 1 D) also showed that nesprin-1 expression in siRNA transfected cells was reduced significantly compared to cells expressing control siRNA and nontransfected cells. Quantification of pixel intensity of these images further confirmed that the majority of individual cells had reduced nesprin-1 expression (Fig. S4) . We believe that taken together, these results show clearly that the siRNA transfection specifically knocked down nesprin-1 in HUVECs.
Nesprin-1 knockdown abolishes cyclic strain-induced HUVEC reorientation and increases focal adhesion assembly and cell traction
Next, we investigated if nesprin-1 knockdown affected endothelial cell physiology. HUVEC reorientation in response to applied uniaxial cyclic strain was examined. Control and nesprin-1 deficient HUVECs were exposed to cyclic mechanical strain (10%, 0.5 Hz) for 18 h using the FlexCell 4000 device (24) . Nontransfected HUVECs oriented predominantly along a direction perpendicular to the direction of mechanical strain (Fig. 2) . F-actin staining showed that stress fibers also aligned perpendicular to the direction of the strain. In contrast, knockdown of nesprin-1 abolished HUVEC reorientation in response to cyclic strain. Further, we found that cells transfected with control siRNA responded similarly to the untreated cells, establishing the specificity of the effect of nesprin-1 knockdown on strain-induced cell reorientation.
Cell reorientation under cyclic strain requires disassembly of existing focal adhesions, and the preferential stabilization of newly formed adhesions in a direction perpendicular to applied strain (31) . We therefore explored if focal adhesion assembly was altered in nesprin-1 depleted cells. Cells were immunostained for vinculin and focal adhesions were imaged on a confocal fluorescence microscope. Nesprin-1 deficient cells assembled a significantly larger number of focal adhesions compared to control cells (Fig. 3, A and B and Fig. S5 ). F-actin was also more concentrated toward the base of the cell in nesprin-1 deficient cells (Fig. S6) . The increased focal adhesion number suggested a potential increase in cell traction in nesprin-1 depleted cells. Using traction force microscopy, we found that nesprin-1 depletion indeed significantly increased traction stresses on the substrate (Fig. 3, C and D) . Nesprin-1 deficient cells were also observed to spread more than control cells (Fig. S7) .
Transient disassembly of focal adhesions restores reorientation under strain in nesprin-1 depleted cells
The above experiments motivated the hypothesis that cells were unable to reorient in response to cyclic strain owing to increased focal adhesion assembly and traction. Therefore, we reasoned that transiently causing the disassembly of focal adhesions could allow the nesprin-1 depleted cell to reorient under applied strain. To do this, we used an approach published previously to cause the time-dependent disassembly of focal adhesions by treatment with the Rho-kinase inhibitor Y27632 (32) . To only cause a transient disassembly of focal adhesions, we treated the drug for a short time (30 min) after which the drug was washed off and cyclic strain was applied. Drug washout permits the reassembly of focal adhesions (33) . Interestingly, cells treated in this manner were able to reorient under cyclic strain (Fig. 4) . This confirms our hypothesis that nesprin-1 depleted cells are unable to reorient due to increased adhesion to the substrate.
Altered actomyosin forces on the nucleus
Actomyosin tension has been shown previously to control nuclear shape (34) . The extent to which nesprin-1 mediates this force transfer to the nuclear shape is unclear. We carried out Z-stack imaging with a laser scanning confocal microscope of the stained nucleus in nesprin-1 deficient cells. Reconstructed 3D images were used to quantify nuclear heights. Nesprin-1 deficient cells showed a significant increase in nuclear height (7.1 5 0.8 mm) as opposed to control cells that had nuclear heights of 5.0 5 0.4 mm (Fig. 5, A and B) . This suggests that nesprin-1 mediated pulling forces on the nucleus flatten the nucleus into a disk-like shape in endothelial cells. We next asked if inhibiting actomyosin forces could similarly change nuclear height. The nuclear heights of nontransfected cells were measured after treatment with the nonmuscle myosin II inhibitor blebbistatin (100 mM) for 1 h. A significant increase in nuclear height (6.2 5 0.4 mm) was observed in the blebbistatin-treated cells (Fig. 5, A and B) . These results support previous observations (34) (35) (36) that the nucleus balances actomyosin tension. Finally, we used the initial cell polarization assay (Fig. S8 ) in which rearward actomyosin motion from the leading edge of the wounded cell pushes the nucleus in a manner that gives the cell a polarized appearance (37) . The nuclear-centrosomal-leading edge axis was disrupted significantly in cells, which provides further support to the conclusion that actomyosin forces are decreased significantly on the nucleus in the absence of nesprin-1. The increase in nuclear height in nesprin-1 depleted cells observed above could be attributed potentially to differences in nonmuscle myosin II activity. However, Western blotting showed that the levels of phosphorylated nonmuscle myosin II are unchanged in nesprin-1 depleted cells compared to control (Fig. 5, C and D) .
Nesprin-1 deficiency causes abnormal HUVEC migration
Increased traction and focal adhesions typically correlate with a decrease in cell migration speed (38, 39) . We therefore tested whether nesprin-1 depletion alters cell migration in a scratch-wound assay. Time lapse imaging over the course of 12 h was carried out on wounded monolayers of nesprin-1 depleted and control cells. Cells transfected with control siRNA completely closed the scratched wound in around 8 h (Fig. 6 and Movie S1). In contrast, cells transfected with nesprin-1 targeting siRNA failed to close the wound at 8 h (Fig. 6 and Movie S2).
To examine if nesprin-1 deficiency also affects individual cell motility, migrating cells were imaged with phase contrast microscopy, and the time-dependent position of the nuclear centroid was quantified. MSD data were calculated with nonoverlapping intervals and fit to a model for cell migration. We found that the speed of single cells was significantly decreased in nesprin-1 deficient cells compared to control (Fig. 6 D) .
DISCUSSION
The mechanical linkage between the nucleus and the actomyosin cytoskeleton was demonstrated several years ago by showing that applied force to transmembrane integrins at the endothelial cell membrane caused deformation of the nucleus (35) . Actomyosin tension exerted on the nucleus has been shown to stabilize its shape (34) . This linkage is also crucial for the cell's ability to position the nucleus in the cell (4) . The recent discovery of LINC complex proteins has triggered interest in the function of specific molecular linkers in nucleo-cytoskeletal force transfer. In this study, we provide evidence for new functions of nesprin-1, a nuclear membrane protein that links the nucleus to the F-actin cytoskeleton. Nesprin-1 depletion causes abnormal cell reorientation under cyclic strain, increased nuclear height, decreased cell migration, and increased adhesion assembly and traction in endothelial cells.
In the absence of nesprin-1, we found that cells are unable to reorient in response to uniaxial cyclic strain; however, transient disassembly of adhesions restores HUVEC reorientation. It is known that elevation of actomyosin tension causes increased cell-substrate adhesion that interferes with cellular reorientation under applied strain (33) . However, we did not find any differences in myosin phosphorylation (that typically correlates with actomyosin tension (27) ) in nesprin-1 deficient cells or in microtubule and intermediate filament organization (Fig. S9 ). Yet, we found that nesprin-1 deficient cells assemble more focal adhesions, have more concentrated F-actin toward the base of the cell and exert more traction on the substrate compared to control cells. Nesprin-1 deficient cells also had increased nuclear heights similar to cells with inhibited myosin activity suggesting that nesprin-1 may decouple tensile actomyosin forces from the nucleus.
To explain these findings, we propose a model (Fig. 7 ) in which part of the actomyosin tension is exerted on (and balanced by) the nucleus through connections mediated by nesprin-1. In the absence of these connections, the actomyosin forces are assumed to be balanced at an additional number of focal adhesions, which will result in greater traction stresses on the substrate. A key feature of the model is that increased substrate deformation can result even though myosin activity is unchanged. Increased focal adhesion assembly and traction stresses would then prevent cell reorientation under cyclic strain, in a similar manner to cells with increased actomyosin tension (33) . Additionally, as actomyosin forces are redirected from the nucleus to the substrate due to the lack of nesprin-1 mediated binding, less actomyosin tension is exerted on the nucleus. This tension (that would normally balance osmotic pressure (34) ) is decreased, resulting in increased nuclear height.
The observed decrease in cell migration speed is consistent with increased adhesion assembly and traction. This is because cell speed is low at low and high adhesive strengths, and is maximum at an intermediate value (38, 40, 41) . As the nesprin-1 depleted cells form more focal adhesions than normal cells (Fig. 3, A and B) , cell migration speed is expected to decrease (Fig. 6 D) .
Whereas the model in Fig. 7 is consistent with our observations, it is a static model that does not offer an explanation of how more focal adhesions are formed when actomyosin is disconnected from the nuclear surface. Future studies that investigate the dynamic assembly and disassembly of adhesions, and the fate of rearward actomyosin flow from the membrane in nesprin-1 deficient cells could help better answer this question. Other nesprin isoforms such as nesprin-2 also link the nuclear surface to the actomyosin cytoskeleton (13, 16, 20, 42) and could possibly compensate for nesprin-1 (16) . However, the fact that nesprin-2 expression (Fig. S2, A and B) and localization (Fig. S3) was not altered by nesprin-1 knockdown, and yet F-actin distribution was perturbed (Fig. S6) suggests that nesprin-1 may play an essential role in linking the nucleus and F-actin.
In summary, our results suggest an important role for nesprin-1 in endothelial cell function. In the absence of nesprin-1, endothelial cells assemble more adhesions, exert greater traction on the surface, have increased nuclear heights, and have decreased migration speeds. Nonmuscle myosin II phosphorylation is unchanged in nesprin-1 depleted cells. These results support a model in which actomyosin tension normally balanced by the nucleus is balanced in nesprin-1 deficient cells by the substrate. Our findings with nesprin-1 depleted cells show a remarkable similarity with other recent studies that have shown decreased speeds of wound healing and defective nuclear positioning in lamin A/C and emerin deficient cells (5, 7) . Given that lamin A/C and emerin are Con Nes-1 FIGURE 7 Physical model for nuclear-actomyosin force balance. In control cells (top) the actomyosin tension is balanced in part by the nucleus due to mechanical links mediated by nesprin-1. In the absence of nesprin-1 (bottom), the forces are balanced by the substrate at an increased number of focal adhesions even though myosin II activity is unchanged.
Biophysical Journal 99(1) 115-123 structurally and functionally different from nesprin-1, this raises the possibility that other LINC complex proteins may also influence cell behavior in a manner similar to the proposed model.
SUPPORTING MATERIAL
Two movies and three figures are available at http://www.biophysj.org/ biophysj/supplemental/S0006-3495(10)00470-4.
